Dendritic cells (DCs), which are potent antigen-presenting cells (APCs), are used as adjuvants for the treatment of cancer and infectious diseases in human and nonhuman primates, with documented clinical efficacy. The hepatitis C virus (HCV)-chimpanzee model is the best available model for testing the immunotherapeutic effects of DCs in the setting of a chronic infection, as chimpanzees develop a persistent infection resembling that seen in humans. However, several reports have suggested that DCs derived from chronically infected individuals or nonhuman primates are functionally compromised. As a prelude to clinical studies, we evaluated whether functionally mature DCs could be generated in chimpanzee plasma by good manufacturing practice using CD14 ؉ mononuclear precursors from chronically infected chimpanzees. DCs generated in a medium with HCV-negative plasma and treated with a defined cocktail of cytokines or a CD40 ligand trimer matured fully, as measured by the induction of CD83 expression and the upregulation of costimulatory molecules. Furthermore, the expression of CCR7 was induced, suggesting an acquisition of migration capacity.
Hepatitis C virus (HCV) infects an estimated 170 million persons worldwide and is a major cause of chronic liver disease, cirrhosis, and hepatocellular cancer (1) . Only a portion of infected individuals resolve the infection (ϳ30%), with most developing a chronic infection. Acute infections are characterized by high frequencies of HCV-specific CD8 ϩ T cells (31, 52, 54) and HCV-specific CD4
ϩ -T-cell responses that can persist for a long time after the clearance of viremia and the resolution of infection (54, 56) . On the other hand, individuals who remain chronically infected display weak and restricted CD4 ϩ -and CD8
ϩ -T-cell responses in both the liver and the blood (7, 12, 27, 29, 43, 49, 52) . Significantly, only a small percentage respond to approved therapies, e.g., ribavarin and alpha interferon (IFN-␣) therapy.
An understanding of viral persistence in HCV infections is essential for developing new strategies for preventing chronic HCV infections and for developing therapies which promote effective T-cell responses in already chronically infected patients. A promising and frequently used method for inducing or augmenting immune responses is dendritic cell (DC) vaccination. DC-based vaccines and immunotherapy against cancers and simian immunodeficiency virus (SIV) have shown promise in clinical settings (15, 20, 24, 34, 53) . We are conducting ongoing human DC-based immunotherapy clinical trials with chronic human immunodeficiency virus (HIV)-infected individuals, using peptides and recombinant canarypox virus as HIV sources. However, these approaches cannot be initiated in humans infected with HCV due to possible adverse effects of immune stimulation, such as hepatopathology. Chimpanzees (Pan troglodytes) provide a factual model for HCV persistence (55) , and studies of HCV infections in these primates have led to important observations regarding control of the virus. For example, the removal of either the CD4 ϩ -or CD8
ϩ -T-cell population led to persistently elevated viral loads in chimpanzees which had previously recovered from their infections and were then rechallenged (22, 50) . The development of a safe, DC-based vaccine for HCV-infected chimpanzees that elicits long-term and sustained cellular immunity would facilitate the design of similar vaccine regimens that would be applicable to human patients chronically infected with HCV.
In vivo, HCV targets hepatocytes, probably B cells, and even DCs (30) . Indeed, HCV genomic sequences (3, 36, 38) and replicative RNAs have been detected in blood and/or mono-cyte-derived DCs from chronically infected subjects. Furthermore, the C-type lectin receptor DC-SIGN (DC-specific intercellular adhesion molecule-3-grabbing nonintegrin) is proposed to be an uptake receptor for HCV on monocytederived DCs (41) . However, the consequences of HCV-DC interactions at the levels of maturation and function are controversial. One study has shown an impaired maturation caused by tumor necrosis factor alpha (TNF-␣) of DCs derived from chronic HCV-infected donors (2) , another has found an inhibition of DC maturation after exposure to HCV core and NS3 proteins (16) , and yet others have found suboptimal T-cell stimulatory functions when alloantigens (2, 26) or recall antigens such as HCV core proteins were presented (25, 26, 48) . Interestingly, human DCs transduced with an adenovirus coding for HCV core and E1 proteins mature normally but do not efficiently prime CD4 ϩ T cells in vitro (47) , while similarly transduced immature murine DCs were inhibited in their maturation capacity, largely due to the expression of structural proteins (48) . In contrast to these studies, other investigators have failed to show a detrimental effect of HCV or its proteins on DCs (35, 37) . Furthermore, fully functional DCs can be generated from monocytes of humans with chronic HIV infections, suggesting that high viral loads do not compromise antigen-presenting-cell (APC) activity or at least precursor APC activity (46) . The contradictory findings cited above, which may well be due to species or technical differences, emphasize the need to carefully characterize and assess DC function in the setting of HCV infection.
For this study, we directly compared DCs from HCV-infected versus uninfected chimpanzees with respect to yield, phenotype, and function, with the overall goals of first determining whether DC differentiation was compromised and then optimizing DC preparations for immunotherapy. Using good manufacturing practice (GMP) conditions with only autologous products, we noted a significant improvement in the purity and quality of the DCs if they were generated from leukapheresis-derived CD14 ϩ progenitors versus blood-derived monocytes. DCs from infected chimpanzees were phenotypically equivalent to DCs prepared from uninfected animals. Furthermore, they were equally capable of processing and presenting antigens to T cells. Finally, we found no evidence of HCV infection in DCs generated by this approach, thereby indicating a lack of significant infection in progenitors in vivo. Our studies, which are the first to show that functionally intact chimpanzee DCs can be generated under GMP conditions from HCV-infected chimpanzees, pave the way for the initiation of DC-based immune interventions in chronically infected nonhuman primates. Furthermore, they suggest that the observed immune dysfunction of CD8 ϩ T cells is likely due to other factors.
MATERIALS AND METHODS

Animals.
Adult healthy or chronically HCV-infected chimpanzees were used for this study, and the research complied with federal guidelines and institutional policies. Animals were housed in the New Iberia Research Center (New Iberia, La.). The HCV-positive chimpanzees used for this study were all infected with the HCV-H77 genotype 1a virus and included the following animals: 1530, male, age 12; 1534, male, age 15; and CB0507, male, age 12. Noninfected animals were A255B, male, age 12, and TBDX104, male, age 13.
Culture medium and cytokines. RPMI 1640 culture medium (GIBCO BRL, Gaithersburg, Md.) was supplemented with 20 g of gentamicin (GIBCO BRL)/ ml, 1 mM HEPES (Mediatech, Herndon, Va.), and 1% human plasma, 10% bovine serum, 10% chimpanzee plasma from either uninfected or infected chimpanzees, or 5% pooled human serum (c-Six Diagnostics, Mequon, Wis.). Recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF; 200 IU/ml) (Immunex Corporation, Seattle, Wash.) and recombinant human interleukin-4 (IL-4; 400 IU/ml) (Schering-Plough Corporation, Kenilworth, N.J.) were purchased for the generation of DCs in vitro. A monocyte-conditioned medium mimic (MCM mimic) was used to mature DCs and consisted of 5 ng of TNF-␣/ml, 5 ng of IL-1␤/ml, 150 ng of IL-6 (R&D Systems)/ml, and 1 g of prostaglandin E 2 (PGE 2 ; Sigma)/ml. DCs. Whole blood or leukapheresis products from uninfected or HCV-infected chimpanzees were obtained from the New Iberia Research Center. Peripheral blood mononuclear cells (PBMCs) were separated by density gradient centrifugation on Ficoll-Hypaque (Amersham Pharmacia Biotech, Piscataway, N.J.). CD14
ϩ DC progenitor cells were isolated with CD14 ϩ magnetic beads (Miltenyi Biotech, Auburn, Calif.). DCs were generated by culturing the CD14 ϩ cell fraction in six-well plates (ϳ2 ϫ 10 6 cells) with 200 IU of GM-CSF (Immunex Corporation)/ml and 400 IU of IL-4 (Schering-Plough Corporation)/ml for 7 days. The cytokines were added to the cultures at days 0, 2, and 4. On day 5, nonadherent cells were collected and moved to new six-well plates, and the cultures were supplemented with a maturation stimulus such as the MCM mimic or 1 g of CD40LT (soluble trimeric recombinant human CD40L; Immunex Corporation)/ml (42) . The CD40LT was endotoxin-free, as measured by standard Limulus amebocyte lysate assays. Mature DCs were collected on day 7. Immature DCs were maintained in culture with GM-CSF and IL-4 for 5 to 7 days and washed extensively prior to use.
Phenotyping of DCs. Phycoerythrin-conjugated CD1D, CD3, CD14, CD54, CD40, CD80, CD86, HLA ABC, HLA DR, CCR5, CD184 (CXCR4), CCR6, CDx197 (CCR7), and CD207 (Langerin) antibodies; fluorescein isothiocyanateconjugated immunoglobulin G2A and CD209 antibody (DC-SIGN) (BD Pharmingen, San Jose, Calif.); an unconjugated CD205 antibody (DEC 205); and isotype-matched control antibodies were added to immature or mature DCs, incubated at 4°C for 20 min, and washed. Staining with unconjugated antibodies was followed with phycoerythrin-conjugated secondary goat anti-mouse antibodies (Biosource International, Camarillo, Calif.). Fluorescence-activated cell sorting (FACS) was performed on a FACSort instrument (BD Pharmingen). Data were analyzed with Cell Quest software (BD Pharmingen).
T cells. Bulk T cells (CD8 ϩ and CD4 ϩ T cells) were isolated by the depletion of contaminating cells, i.e., CD56 ϩ , CD19 ϩ , and CD14 ϩ cells, with magnetic beads (Miltenyi Biotech). Patr class I-restricted HCV-specific CD8
ϩ -T-cell clones were prepared as previously described (18) . Clones were used at least 12 days after restimulation in vitro, when they were in a resting state. One CD8 ϩ -T-cell clone recognized a peptide from p162A (GAVQNEITL, which is a Patr B1701-restricted epitope and an allele expressed by animals CB0507 and A255B).
Peptides. The peptide epitope used was GAVQNEITL (Patr B1701 restricted) synthesized by Research Genetics (Huntsville, Ala.).
ELISPOT assay for detection of IFN-␥ release from antigen-specific T cells. Ninety-six-well plates (Millititer; Millipore, Bedford, Mass.) were coated overnight at 4°C with 5 g of an anti-IFN-␥ monoclonal antibody (Mabtech, Stockholm, Sweden)/ml. The antibody-coated plates were washed four times with phosphate-buffered saline and blocked with RPMI containing 5% pooled human serum for 1 h at 37°C. The peptide-pulsed DCs were added to the wells together with the HCV-specific CD8
ϩ -T-cell clones and incubated overnight (ϳ14 to 18 h) at 37°C. The plates were washed, stained, and developed as described previously (28) . Only spots with a fuzzy border and a brown color were counted.
Proliferation. DCs were left unpulsed or were pulsed with 0.1 to 10 g of tetanus toxoid (Statens Serum Institute, Copenhagen, Denmark)/ml overnight and then harvested. The different DC groups were cultured with autologous T cells in 96-well plates at a concentration of 10 5 T cells/well and a ratio of 1 DC to 30 T cells. The proliferation assay was pulsed with [ 3 H]thymidine on day 4 or 5 and cells were harvested after 16 to 18 h.
ELISAs. Chemokines and cytokines released by immature or MCM mimicstimulated DCs into culture supernatants were monitored by enzyme-linked immunosorbent assays (ELISAs). Supernatants were collected from immature or MCM mimic-matured (24 h) DCs from either HCV-infected or uninfected chimpanzees. Cell-free stimuli in the culture medium and culture medium alone were collected as controls. All samples were stored at Ϫ20°C until they were analyzed. RANTES, TNF-␣, MCP-3 (CCL7), IL-10, and p70 IL-12 (R&D Systems) ELISAs were performed according to the manufacturer's instructions.
Cryopreservation of mature DCs. Aliquots of mature DCs were frozen in 8% dimethyl sulfoxide (Sigma) and fetal calf serum (FCS) in cryotubes (Nunc cryovials; NalgeNunc Inc., Rochester, N.Y.). The cryovials were immediately transferred to Ϫ80°C in a cryo-freezing container (Nalgene) and were finally transferred to the gas phase of liquid nitrogen until use. Upon use, the frozen cryopreserved DCs were partly thawed in a 37°C water bath and then directly transferred into a tube with culture medium. The tube with the thawed cells was spun down at 4°C. Subsequently, the cells were counted, resuspended in culture medium, and accessed for phenotype and function.
Detection of HCV RNA in DCs. A real-time quantitative reverse transcription-PCR (RT-PCR)-based assay with a detection sensitivity of 100 to 1,000 copies of HCV RNA per 80 ng of total RNA was performed on total RNA samples derived from chimpanzee DCs from either uninfected or chronically infected animals. Mature DCs from both groups were collected, spun down, washed three times in RPMI, and frozen at Ϫ80°C until RNA preparation. The RNAs were purified by use of an RNeasy mini kit (50) (Qiagen Inc., Valencia, Calif.) according to the manufacturer's protocol. Real-time RT-PCR amplification was done with Platinum Quantitative RT-PCR ThermoScript. The One Step system (Invitrogen) was used with an ABI PRISM 7700 sequence detector (Applied Biosystems) to analyze 80 ng of total RNA. The primers specific for the HCV 5Ј N-terminal repeat were as follows: 5ЈCCTCTAGAGCCATAGTGGTCT-3Ј (sense; 10 M), 5Ј-CCAAATCTCCAGGCATTGAGC-3Ј (antisense; 10 M), and FAM-CACCGGAATTGCCAGGACGACCGG (probe; 10 M), all purchased from Applied Biosystems. The RT-PCRs were performed as described previously (9) . Briefly, RT was done at 50°C for 30 min, followed by Taq polymerase activation at 95°C for 5 min. Fifty cycles of 15 s at 95°C, 40 s at 50°C, and 30 s at 72°C were run. A glyceraldehye-3-phosphate (GAPDH) detection mix (VIC-MGBNFQ; ABI) was included for normalization. Synthetic HCV RNA standards of known concentrations (10 6 , 10 5 , 10 4 , 10 3 , 10 2 , and 10 1 HCV RNA molecules) were used to calculate a standard curve. The results were analyzed in a multiplex format with SDS software (Applied Biosystems).
RESULTS
Chimpanzee DCs can be propagated from peripheral blood CD14
؉ progenitor cells. Immature DCs can be generated from blood progenitor cells from normal chimpanzees in the presence of GM-CSF and IL-4, as previously described (6) . However, this method relies on the presence of 10% FCS in the culture medium, which cannot be used to prepare DCs for in vivo injections because of the potential induction of bovinespecific immune responses, including allergic phenomena. Furthermore, no studies have addressed whether immature chimpanzee DCs differentiate in response to stimuli which promote the maturation of human DCs. While immature DCs are efficient at acquiring antigens, mature DCs are required for the processing and presentation of antigens to T cells (51) . Finally, the preparation of chimpanzee DCs for immunotherapeutic purposes should meet the standards of GMP conditions, as mandated for human DCs used in clinical studies. To address these issues, we prepared DCs from PBMCs isolated from leukapheresis products from healthy and chronically infected HCV-positive chimpanzees. The advantage of leukapheresis is that it provides a large number of prevaccination PBMCs which can be used to (i) simultaneously generate DCs for multiple vaccinations, (ii) analyze the extent of prevaccination immunity, and (iii) provide a reserve of cells for subsequent clinical interventions, as needed.
PBMCs from leukapheresis samples were used to obtain CD14 ϩ cell-enriched fractions by magnetic bead separation (Miltenyi), and they were cultured for 5 days in medium supplemented with GM-CSF, IL-4, and different doses of chimpanzee plasma (5 or 10% plasma obtained from uninfected chimpanzees) or 10% FCS. A cocktail of IL-1, IL-6, TNF-␣, and PGE 2 (MCM mimic), normally used to mature human DCs for use in clinical trials, was added to DC cultures on day 5. The MCM mimic induces a homogeneous maturation of human DCs and yields high numbers of differentiated cells (32) . Preliminary studies established that the pre-enrichment of CD14 ϩ DC precursors from PBMCs instead of an adherence step led to significantly higher yields of DCs. The 10% plasma supported the highest yield of phenotypically and functionally mature chimpanzee DCs. Yields of ϳ12% mature DCs were obtained from the starting population of CD14 ϩ cells, similar to the yield for cells cultured in 10% FCS (data not shown). Furthermore, the purity of the cells obtained approached 100% (data not shown). The expression of CD83, a maturation-associated marker, and the costimulatory molecules CD40, CD80, and CD86 was examined at day 7 (Fig. 1A) . Mature DCs cultured in 10% plasma or 10% FCS were phenotypically equivalent, whereas fewer CD83-positive DCs were seen in cultures containing 5% plasma. The functional advantages of DCs generated in cultures containing 10% versus 5% plasma were confirmed in a standard allogeneic mixed leukocyte reaction (Fig. 1B) .
We next examined the differentiation of DCs obtained from HCV-infected chimpanzees by using two different clinicalgrade maturation stimuli, i.e., the MCM mimic and CD40LT. The surface phenotypes were virtually identical for DCs matured with CD40LT versus the MCM mimic ( Fig. 2A) and were comparable to what is observed with human DCs (32) . Therefore, the MCM mimic is a viable alternative to CD40LT, which is currently not readily available in a GMP-grade form for clinical trials.
DCs derived from chronically infected humans may exhibit impairment in their differentiation (2) . However, when they were compared simultaneously, DCs from uninfected and chronically infected chimpanzees had similar phenotypic profiles after the addition of the MCM mimic (Fig. 2B) (n ϭ 4) .
Altogether, the data cited above indicate that DCs generated from CD14 ϩ precursors from infected chimpanzees can fully differentiate and are phenotypically identical to their counterparts from uninfected chimpanzees.
Phenotypic characterization of mature DCs generated from chronically infected chimpanzees. We next undertook a more extensive phenotypic analysis of immature and MCM mimicmatured DCs from chronically infected chimpanzees. This included measuring the expression of lineage markers, maturation markers, costimulatory molecules, adhesion molecules, and chemokine receptors (Fig. 3) . The immature and mature   FIG. 2 . Maturation of DCs cultured from a chronically HCV-infected chimpanzee is achieved by both MCM mimic and CD40LT. (A) MCM mimic (TNF-␣, IL-1␤, IL-6, and PGE 2 ) or CD40LT (1 g/ml) was added in a medium supplemented with 10% plasma from a noninfected chimpanzee to immature DCs from a chronically infected chimpanzee (CB0507) on day 5 of culture. On day 7, the DCs were harvested and labeled with monoclonal antibodies as indicated. FACS histograms show profiles for isotype controls (gray areas with solid lines) and monoclonal antibodies (white areas with solid lines). (B) MCM mimic was added to immature DCs from an uninfected (A255B) or chronically infected (CB0507) chimpanzee on day 5 of culture. On day 7, the DCs were harvested and labeled with the indicated monoclonal antibodies. FACS histograms show profiles for isotype controls (gray areas with solid lines) and monoclonal antibodies (white areas with solid lines). For both panels, the gates were set to include cells with large amounts of FSC and SSC. The data shown are for one representative experiment out of four.
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DCs were negative for the monocyte/macrophage marker CD14, as expected. CD83, a maturation marker, was only expressed by mature DCs. Both immature and mature DCs expressed adhesion molecules (CD54), costimulatory molecules (CD80 and CD86), and HLA class I and II molecules, but mature DCs expressed higher levels of these markers. Mature DCs also displayed the chemokine receptors CCR5, CXCR4, and CCR7, but they were negative for CCR6 (Fig. 3) . The levels of CCR5, CXCR4, and CCR7, however, varied from a low level of expression to up to 80% of the DCs for different donors. Notably, immature DCs expressed an absence of or lower levels of these chemokine receptors. Of the DC-associated markers (e.g., DC-SIGN, BDCA-2, Langerin, and CD1d), only DC-SIGN was significantly expressed, as was previously shown (41) . Importantly, the phenotypes were similar for DCs generated from HCV-infected and uninfected animals, verifying our observations that DC precursors from the former animals are not impaired with respect to their phenotypic differentiation (not shown). Altogether, these results indicate that DCs from chronically infected HCV-positive chimpanzees mature normally and express all of the markers associated with maturation, including CCR7, which is essential for migration towards CCL19 and CCL21 in the lymph nodes and on high endothelial cell venules, respectively. This is the first time that the expression of the chemokine receptors CCR5, CCXR4, and CCR7 has been documented for chimpanzee DCs.
Cytokine and chemokine profiles of chimpanzee DCs. DCs produce and respond to distinct chemokines and cytokines depending on their maturation state and the maturation stimuli used to activate them in vitro (45) . ELISA analyses of cell culture supernatants were used to determine the secreted chemokine and cytokine profiles of immature and mature DCs. CCL5 (RANTES), CCL7 (MCP-3), TNF-␣, IL-10, and IL-12 were analyzed from samples collected 24 h after stimulation with or without the MCM mimic. We found that MCM mimicstimulated chimpanzee DCs produced significant amounts of the inflammatory chemokines RANTES and CCL7 as well as the cytokine TNF-␣ (Fig. 4) . Notably, the TNF-␣ levels were higher than could be accounted for by the addition of the MCM mimic, which contains TNF-␣. The MCM mimic failed to induce IL-12 p70 secretion from chimpanzee DCs, which is also the case for human DCs (32; also data not shown). The levels of RANTES were similar between mature DCs from healthy and HCV-infected chimpanzees (Fig. 4) . Furthermore, IL-10 and IL-18 were secreted at low levels in both immature and mature DCs, and no significant differences were seen between infected and uninfected animals. In conclusion, the cy-FIG. 3. Extensive phenotypic characterization of mature DCs from chronically HCV-infected chimpanzee. The MCM mimic (TNF-␣, IL-1␤, IL-6, and PGE 2 ) was added to immature DCs from chronically infected animals on day 5 of culture. On day 7, the DCs were harvested and labeled with isotype controls and the indicated monoclonal antibodies. FACS dot plots for a chronically HCV-infected animal (CB0507) show the degree of expression of various markers and receptors. The horizontal bars mark the extents of staining by matched isotype controls. Gates were set to include cells with large amounts of FSC and SSC. The data shown are for one representative experiment out of four.
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on October 23, 2017 by guest http://jvi.asm.org/ tokine and chemokine secretion profiles for immature versus mature chimpanzee DCs correspond to those of their human counterparts and no impairment in these functions was observed when the DCs were derived from infected animals.
Stimulation of antigen-specific CD4
؉ and CD8 ؉ T cells by DCs prepared from chronically infected chimpanzees. Most DC-based vaccines for humans utilize cells pulsed ex vivo with major histocompatibility complex (MHC) class I-or II-restricted peptides. We therefore examined the ability of mature chimpanzee DCs to bind and present class I peptides to wellcharacterized HCV-specific CD8 ϩ -T-cell clones. The CD8 ϩ -T-cell clone used for this experiment was previously characterized and shown to respond specifically to the GAVQNEITL peptide and not to an irrelevant peptide (13) . Mature DCs were pulsed with the Patr B1701-restricted nonamer GAVQNEITL and added to the corresponding CD8 ϩ -T-cell clone. After 24 h, T-cell clone activation was assessed by a IFN-␥ ELISPOT assay. DCs from both an uninfected chimpanzee (A255B) and a chronically infected chimpanzee (CB0507) efficiently activated the HCV-specific CD8 ϩ -T-cell clone ( Fig. 5A and B) . The DCs from the chronically infected animal activated higher numbers of IFN-␥-producing cells. In addition, an allogeneic mixed lymphocyte reaction to compare the T-cell stimulation capacities of DCs from uninfected (A255B) and HCV-infected (CB0507) chimpanzees found their activation capacities to be equivalent (Fig. 5C) .
Barratt-Boyes et al. have shown that DCs derived from healthy chimpanzees are superior to monocytes and PBMCs for presenting tetanus toxoid to T cells (6) . However, in that study the DCs were not exposed to maturation stimuli prior to the assay. We therefore compared the efficiencies of immature and mature DCs generated from a chronically infected animal (CB0507) for activating tetanus toxoid-specific memory CD4 ϩ T cells. As expected, DCs were capable of activating tetanus toxoid-specific CD4 ϩ T cells and the mature DCs induced a higher degree of proliferation (Fig. 5D) (n ϭ 3) . Therefore, DCs prepared from precursors of HCV-infected chimpanzees can process and present antigens to T cells.
Cryopreserved mature DCs retain their phenotype and function. In a vaccine setting, it would be advantageous to have large quantities of antigen-pulsed DCs prepared, frozen in aliquots, and thawed only at designated time points for injection. This would simplify the effort required to prepare DCs and ensure that DCs given in a series of vaccinations are identical. We compared the phenotypes (Fig. 6A ) and functions (Fig. 6B ) of cryopreserved mature DCs from an infected chimpanzee with those of freshly cultured DCs. The freezing and cryopreservation did not affect the DC phenotype, as it was essentially identical to that of freshly prepared cells (Fig.  6A ). In addition, we were able to preserve cell numbers so that yields from thawed specimens ranged between 70 and 90%. The abilities of cryopreserved and fresh DCs to activate tetanus toxoid-specific T cells were then compared (Fig. 6B) (n ϭ  3) . As expected, the stimulation of tetanus toxoid-specific memory CD4
ϩ -T-cell responses was similar for freshly prepared and cryopreserved DCs. Therefore, we can recoup phenotypically and functionally mature DCs from frozen and thawed specimens without a substantial loss in cell numbers. This process should facilitate the undertaking of DC-based clinical trials in HCV-infected chimpanzees.
DCs propagated from chronic HCV-positive chimpanzees are negative for HCV RNA. The persistence of the HCV viral genome in mature monocyte-derived DCs was examined by a quantitative PCR-based assay. DCs from uninfected and chronically infected chimpanzees were cultured in plasma from a noninfected animal and frozen until the samples were analyzed by RT-PCR. We found no evidence of HCV genome persistence in DCs from chronically HCV-infected chimpanzees (Fig. 7) . It is possible that if the DCs contained any HCV RNA, the level was below the detection sensitivity of this assay, which was 100 to 1,000 copies of HCV RNA. We looked for HCV RNA in 80 ng of RNA, which corresponds to 40,000 to 50,000 DCs, and we should have been able to detect ϳ100 copies of HCV RNA in these cells if it was there. Our data differ from those of earlier studies which found that DCs derived from HCV-positive, chronically infected humans may contain HCV genomes and may even FIG. 4 . DCs from uninfected and HCV-infected chimpanzees exhibit the same cytokine and chemokine production. Immature DCs from the uninfected TBDX104 and chronically HCV-infected CB0507 animals were stimulated with the MCM mimic for 24 h. The supernatants from immature (IDC) or MCM mimic-matured (24 h) DCs (MDC) were collected and stored at Ϫ20°C before being analyzed by ELISAs. Samples were thawed and tested. RANTES, TNF-␣, and CCL7 were assayed by using R&D kits. Data for two sets of supernatants from uninfected and chronically HCV-infected chimpanzee DCs are shown.
be productively infected by HCV (21) . Whether these differences are due to the animals examined or to species differences needs to be further addressed.
In summary, our data show unequivocally that phenotypically and functionally mature DCs without any evidence of HCV infection can be reproducibly generated from chronically infected chimpanzees.
DISCUSSION
The pivotal role of DCs in the activation of naïve T cells and the generation of primary T-cell responses is being explored in clinical trials of DC-based immunotherapy in humans. The in vitro generation of autologous DCs, followed by the injection of antigen-loaded DCs for the generation or boosting of antigen-specific T-cell-mediated immunity in vivo has been the most common approach to date (20, 24, 34, 53) . The chimpanzee is the most suitable animal model for studying infections of and immunity to HCV, in addition to immunotherapeutic interventions, as the data obtained from these studies can be extrapolated to humans (55) . The objective of our study was to determine whether functionally competent DCs could be differentiated from blood precursors of HCV-infected chimpan- zees, as previous studies have indicated that these cells are compromised, possibly by exposure to high levels of HCV. A compromise in function would inherently rule out the use of DCs as vaccine adjuvants in the chimpanzee model. Therefore, we first isolated DC precursors from leukapheresis products and assessed whether they could be differentiated under the GMP conditions that are required for vaccine preparations, analogous to the preparation of human DCs. The parameters examined were yields, purity, maturation stimuli, phenotype, cytokine and chemokine secretion, APC function, and function of cryopreserved cells. In earlier studies, DCs were propagated from chimpanzee PBMCs by the adhesion of DC progenitors to culture plates (5). In the case of human PBMCs, this method provides Ͼ90% pure DCs, whereas in the case of chimpanzees the purity is Ͻ70% (8; also data not shown) and the yields are reportedly low (44) . To obtain DCs of a higher level of purity that would fulfill GMP standards, we first positively selected CD14 ϩ progenitors from PBMCs. The advantages of the CD14 ϩ selection step are that it applies the same conditions of sterility used by the Clinimacs systems (Miltenyi) for obtaining human CD14 ϩ human monocytes and it yields reproducibly higher numbers and purities of DCs (yields of up to 12% of the CD14 ϩ population and purities in excess of 95%). Furthermore, we found that DCs could be successfully propagated in culture medium containing plasma from chimpanzees versus FCS, thereby avoiding exposure to foreign proteins which are potentially immunogenic. Previous studies of chimpanzee DCs have largely focused upon immature DCs. In one study, the subcutaneous injection of in vitro-propagated immature chimpanzee DCs revealed that a significant proportion migrated rapidly to the draining lymph nodes (4) . Importantly, the injected cells retained a high level of expression of MHC class II molecules, CD40, and CD86. However, in another study, when they were pulsed with peptides from OVA or the MUC-1 tumor antigen, although DCs induced antibody responses, these were no higher than those from a direct injection of antigen with adjuvant (6) . T-cell responses were seen for only one of the animals (6) . The lack of a significant induction of immunity may well be due to the use of immature DCs, which may be tolerogenic (14) , versus mature DCs, which are immunostimulatory (15) . For these reasons, we compared the ability of two standard maturation stimuli currently in clinical use to induce the maturation of chimpanzee DCs and assessed the phenotypic and functional differences between immature and mature DCs. Importantly, the MCM mimic, now used in several human clinical trials, was equivalent to CD40LT for differentiating immature DCs from infected chimpanzees. No significant phenotypic or functional differences were apparent between the two stimuli. Since CD40LT is no longer available for clinical use to most investigators, the MCM mimic serves as a suitable and simple alternative.
An extensive analysis of the phenotypes and the cytokine and chemokine secretion profiles of immature versus mature chimpanzee DCs revealed a close correspondence to their human counterparts, with the induction of CD83 and CCR7 expression and the upregulation of costimulatory molecules CD40, CD80, and CD86 and MHC class I and II molecules. Interestingly, Rollier et al. reported the induction of CD83 by chimpanzee DCs generated in GM-CSF and IL-13 versus GM-CSF and IL-4 (44) . Whether these DCs were equivalent to the mature DCs we obtained after culturing in GM-CSF and IL-4, followed by the MCM mimic, will require further evaluation. Our studies also revealed for the first time the expression of the chemokine receptors CCR5, CCXR4, and CCR7 on chimpanzee DCs. This phenotype of mature chimpanzee DCs (in particular for CCR7) suggests that they should be capable of migrating to draining lymph nodes after injection and of priming and activating immune responses. In addition, the expression of CCR5 suggests that mature chimpanzee DCs will respond to RANTES within the local environment. Finally, we also demonstrated that DCs from HCV-infected chimpanzees retain their capacity to secrete CCL7, TNF-␣, and RANTES at levels that are equal to those for DCs from uninfected chimpanzees. The TNF-␣ levels were substantially higher than could be accounted for by the addition of the MCM mimic, suggesting that there is endogenous cytokine secretion by the mature DCs. Mature DCs therefore have the capacity to attract other DCs or T cells into the local environment and thereby amplify local immune responses.
Whether DCs are functionally compromised due to HCV exposure remains highly controversial. A number of studies have described the impairment of DC maturation or function when cells are derived from either HCV-positive chronically infected humans or chimpanzees (2, 3, 26) . One study showed a resistance to maturation by TNF-␣, (2) and another found normal DC maturation in response to lipopolysaccharide (23) . These differences could be due to the fact that TNF-␣ may not be a potent enough maturation stimulus on its own, as it ordinarily does not induce the complete maturation of human DCs (11, 32) . As noted above, we discerned no significant impairment in the maturation of DCs from HCV-infected chimpanzees, as their phenotype and secretion profiles were identical to those for DCs from uninfected animals. Significantly, these DCs were equally capable of activating allogeneic T cells, similar to the recent findings of Rollier et al. (44) . However, we also show for the first time that mature DCs from chronically infected chimpanzees efficiently process and present tetanus toxoid to autologous T cells and stimulate HCV-specific CD8 ϩ -T-cell clones. Because our DCs were derived from subjects who were infected with HCV for many years (Ͼ8 years), it appears at least from the small cohort studied here that a long-term exposure to HCV does not obviously compromise DC precursor function. DCs derived from monocyte precursors of chronically infected subjects have been shown to display suboptimal T-cell stimulatory functions when HCV core proteins are presented (25, 26) . One reason may be that these subjects came to clinical attention when they were obviously ill, which our chimpanzee cohort is not, and that very significant virus levels or a virus-induced pathology is needed to compromise DC functions. However, it should be kept in mind that DCs from chronically infected individuals may be unable to present HCV antigens to autologous T cells because of dysfunctional T-cell responses rather than defects in the DCs themselves.
In the final analysis, we tested whether DCs derived from HCV-infected chimpanzees contained evidence of HCV infection. Recently, it was found that blood DCs from HCV-infected individuals contained HCV and that DCs from some of these patients had replicative HCV RNA (21) . Furthermore, Navas et al. showed that immature and matured monocytederived DCs can be infected by HCV genotype 1 and can support at least the first step of the viral cycle in vitro, although at very low levels (38) . This was done in a system in which the DCs were cultured in the presence of HCV-positive serum. In our case, when we examined the presence of HCV RNA in DCs derived from chronically infected chimpanzees, we did not detect HCV RNA, i.e., DCs from chimpanzees do not contain and are not infected with HCV. For verification of our findings, a larger group of HCV-infected animals will need to be examined.
Overall, our data are consistent with the interpretation of others (10) that blood monocytes are not infected in vivo, even in animals that are infected for long periods of time. In many ways, our findings mirror the situation for other chronic viral infections, e.g., HIV-1 infections, for which it is possible to readily obtain DCs from monocyte precursors which are not obviously infected or functionally compromised even in the setting of relatively high virus loads (46) . It is important to note that our studies do not address whether circulating blood DCs are compromised in vivo, which would be difficult to examine due to the low levels of DCs in the total PBMC population (Ͻ1%). Therefore, we cannot definitely conclude that T-cell dysfunctions in the chronic infection setting are not due to a VOL. 78, 2004 CHARACTERIZATION OF DCs FROM HCV-POSITIVE CHIMPANZEES 6159 blood or tissue DC dysfunction. It is possible that, as in untreated and acute HIV-1 infections, DC numbers may decline substantially (17, 40) , an option that we are currently exploring. The use of DCs in immunotherapy in which repetitive injections are performed requires the generation of DCs for each DC vaccination, either from fresh blood samples or from frozen PBMC aliquots (15, 39, 53) . Feuerstein et al. have shown that human DCs can be generated in large quantities and cryopreserved and that the thawed DCs still function in a similar manner as fresh cells (19) . We similarly examined the function of cryopreserved chimpanzee DCs versus freshly prepared DCs from the same donor. Analogous to the experience with human DCs, we found cryopreserved cells to be phenotypically and functionally similar to fresh cells. This is promising both for in vitro experiments and in vivo clinical applications, as it ensures that DCs used at different time points are identical in both source and function. Furthermore, the preparation of a large quantity of DCs at one time and subsequent cryopreservation are a more practical approach. We are currently investigating whether cryopreserved DCs also present HCV antigens to autologous T cells.
In summary, we and other groups (33, 44) have shown that monocyte-derived DCs from chronically infected humans or chimpanzees are phenotypically and functionally intact when generated in vitro. The ability to generate standardized and significant numbers of DCs from blood CD14 ϩ progenitors, as shown here, facilitates the possibility of testing their adjuvant capacity in vivo. Because mature DCs can prime CD4 and CD8 immune responses effectively, we predict that they will have the potential to reverse the ineffective T-cell responses observed in chronic infections.
